From a database containing the published nuclear hormone receptor (NR) sequences I constructed an alignment of the C, D and E domains of these molecules. Using this alignment, I have performed tree reconstruction using both distance matrix and parsimony analysis. The robustness of each branch was estimated using bootstrap resampling methods. The trees constructed by these two methods gave congruent topologies. From these analyses I defined six NR subfamilies: (i) a large one clustering thyroid hormone
Interestingly, most of the liganded receptors appear to be derived when compared with orphan receptors. This suggests that the ligand-binding ability of NRs has been gained by orphan receptors during the course of evolution to give rise to the presently known receptors. The distribution into six subfamilies correlates with the known abilities of the various NRs to bind to DNA as homo-or heterodimers. For example, receptors heterodimerizing efficiently with RXR belong to the first or the fourth subfamilies. I suggest that the ability to heterodimerize evolved once, just before the separation of subfamilies I and IV and that the first NR was able to bind to DNA as a homodimer. From the study of NR sequences existing in vertebrates, arthropods and nematodes, I define two major steps of NR diversification: one that took place very early, probably during the multicellularization event leading to all the metazoan phyla, and a second occurring later on, corresponding to the advent of vertebrates. Finally, I show that in vertebrate species the various groups of NRs accumulated mutations at very different rates.
INTRODUCTION
Nuclear receptors (NRs) play important roles in the regulation of cell growth and differentiation by providing a direct link between signalling molecules and the transcriptional response (Beato et al. 1995 , Gronemeyer & Laudet 1995 , Kastner et al. 1995 , Mangelsdorf & Evans 1995 , Mangelsdorf et al. 1995a , Thummel 1995 . These receptors are 1995, Devchand et al. 1996 , Janowski et al. 1996 , Serhan 1996 . In addition to these receptors for known ligands, an increasing number of 'orphan' receptors has been described. It is not yet known whether all these orphan receptors indeed have a ligand still to be identified or whether they act in a constitutive manner (Moore 1990 , Laudet et al. 1992 , O'Malley & Conneely 1992 , Enmark & Gustafsson 1996 . To date the family of NRs contains more than 60 members (Gronemeyer & Laudet 1995 , Mangelsdorf et al. 1995a .
To perform their extremely diverse functions in homoeostasis, reproduction and development, NRs interact directly with the regulatory regions of target genes. In most cases, they recognize the sequence PuGGTCA. This response element (called HRE) is often present in two copies which can be oriented as palindromes (head to head), direct repeats or inverted palindromes (tail to tail) (Gronemeyer & Laudet 1995 , Mangelsdorf et al. 1995a . Receptors bind to these sequences as homodimers or heterodimers (reviewed in Laudet & Stéhelin 1992 , Leid et al. 1992a . For example, steroid receptors bind as homodimers to palindromic HRE (Beato et al. 1995) . In contrast, retinoid X receptors (RXRs) form heterodimers with numerous members of the family (either true receptors (retinoic acid receptors (RARs), thyroid hormone receptors (TRs)) or orphan ones (MB67) , Leid et al. 1992b , Kliewer et al. 1992a , Zhang et al. 1992 , Baes et al. 1994 . These heterodimers bind to direct repeats of the PuGGTCA motif, and the spacing between the direct repeat dictates the type of heterodimer recognizing it. A direct repeat separated by five nucleotides (DR5) will be most often recognized by an RXR-RAR heterodimer whereas a DR4 will be recognised by an RXR-TR heterodimer , Umesono et al. 1991 . To add to this complexity, some receptors bind as monomers to a single PuGGTCA sequence (Wilson et al. 1991 , 1992 , Ueda et al. 1992 , Laudet & Adelmant 1995 . In this case an A/T-rich region 5 of the core element governs the binding specificity. At present only orphan receptors are known to bind as monomers to these half-sites.
NRs are organized into four domains named A/B, C, D and E. Two of these domains (C and E) are conserved in all family members with only few exceptions (Gronemeyer & Laudet 1995) . The extent of the conservation of these domains is well reflected by their functions. The N-terminal A/B domain is implicated in transactivation by its activating function called AF-1, which acts in a ligand-independent manner outside of the receptor context (reviewed in Gronemeyer 1993 , Beato et al. 1995 . The C-terminal part of the A/B domain, in the vicinity of the DNA-binding C domain, may play a role in the interaction with DNA by regulating the ability of the receptor to interact with other members of the family or by altering the choice of the DNA target sequence (Zechel et al. 1994a,b) . The C domain (composed of two zinc finger modules) is responsible for the DNA-binding activity of the receptor and may be considered as its signature. It is also critical for the selection of the partner interacting with a given receptor and in the selection of the spacing of a direct repeat by the RXR-RAR or RXR-TR heterodimers (Lee et al. 1993 , Rastinejad et al. 1995 reviewed in Gronemeyer & Moras 1995) . The D domain is a flexible hinge between the C and E domains which, in many cases, harbours nuclear localization signals (reviewed in Guiochon Mantel et al. 1992) and whose extremities are structural parts of the adjacent domains. For example, the N-terminal part of the D domain is very important for DNA binding as well as for heterodimerization (Wilson et al. 1992 , Lee et al. 1993 . This region contains the T and A boxes, which are well conserved. The A box is implicated in base contact with the 5 extension of the half-site recognized by monomer-binding receptors. The T box of RXR is implicated in the dimerization process (reviewed in Laudet & Adelmant 1995) . Finally, the large E domain is important for ligand binding, dimerization and transactivation (Gronemeyer & Laudet 1995) . In particular, it contains in its C-terminal part, a region called AF2-AD which has a ligand-dependent autonomous activating function (Danielian et al. 1992 , Barretino et al. 1994 , Durand et al. 1994 and references therein). Intermediary factors (coactivators or co-repressors), recognize this region, connect the liganded (respectively unliganded) receptor to the transcriptional machinery (reviewed in Gronemeyer & Laudet 1995 , Janknecht & Hunter 1996 and are responsible for its stimulating (respectively silencing) activity upon transcription (reviewed in Perlmann & Vennström 1995) . Three-dimensional structure determination has shown that, upon ligand binding, the E domain undergoes major structural rearrangements which relieve the binding of co-repressors, unmask AF2-AD, allow the binding of co-activators and render the receptor able to regulate transcription (Bourguet et al. 1995 , Renaud et al. 1995 , Wagner et al. 1995 , Schwabe 1996 , Wurtz et al. 1996 .
The modular organization of nuclear receptors, the various degrees of conservation between their respective domains and the importance of nuclear receptors for many physiological processes in both arthropods and vertebrates have led several authors to study these molecules from an evolutionary point of view (Amero et al. 1992 , Laudet et al. 1992 , Detera-Wadleigh & Fanning 1994 . A classification of the family into three subfamilies has been established: (i) a large one containing TR, RAR, PPAR, vitamin D receptor (VDR) and ecdysone receptor (EcR); (ii) one containing RXR, HNF4 and COUP-TF; and finally (iii) one clustering the steroid receptors with the orphan receptors ERR1 and ERR2. The position of VDR, EcR, FTZ-F1 and NGFIB was nevertheless unclear, according to the domain (C or E) on which the phylogeny tree was based (Laudet et al. 1992) .
The number of characterized receptors has greatly increased over the last few years. In addition, the resolution power of molecular phylogeny methods has improved in particular with the widespread use of the 'bootstrap' method which allows the quantification of the robustness of each branch of a tree (Felsenstein 1985) . This prompted me to a new study of the molecular phylogeny of the NR superfamily. The constructions of phylogenetic trees by two different approaches (namely distance matrix and parsimony analysis) tested by the bootstrap procedure led me to describe six subfamilies of receptors, three of which are new. The definition of these six subfamilies matches the known behaviour of their members with respect to DNA binding and dimerization. In contrast, there is no link between the position of a given receptor in the phylogenetic tree and the ligand it binds. I propose an evolutionary model in which the ancestral nuclear receptors were orphan and bound to DNA as homodimers. In addition, I have systematically studied the rates of evolution of NRs. The results suggest that the different receptors are submitted to very different selective pressures.
MATERIALS AND METHODS

Construction of the database and sequence alignments
Sequences were extracted from the EMBL, Genbank and NBRF data library using both the FASTA program and the search of sequences identical with a given signature available (9-1 and 9-2 option in the CITI-II Bisance/Infobiogen network). To perform the FASTA search, I used either full-size or DNA-binding domain sequences of the following 21 receptors: Bos SF1, Homo AR, Caenorhabditis CNR14, Homo COUPB, Homo DAX-1, Drosophila DHR96, Homo Rev-erbA, Mus ER, Mus GCNF, Homo NURR1, Caenorhabditis ODR-7, Homo PPARA, Homo RARB, Rattus RLD1, Homo RXRA, Homo RZRA, Mus TLL, Homo TR2, Homo TRA, Homo VDR, Drosophila DHR39. For the signature search program, I used a consensus sequence corresponding to the most conserved part of the C domain and encompassing the following sequence: H(YF)XXXXC(EGD) (GSA)C(KA)XFF. The last search in the database was performed on the Genbank release of March 1996. The complete list of all Genbank entries concerning NRs is available upon request (e-mail: Vincent.Laudet@ens-lyon.fr). Only published sequences were used.
The sequences of domains C, D and E were aligned using the ED program of the MUST package (Philippe 1993) . This program allows a colour visualization of the aligned sequences and the alignment is carried out by eye. To avoid errors, I also submitted the sequences to the Clustal V program which previously allowed me to generate separate alignments for the C and E domains (Higgins & Sharp 1988) . A printed version of the complete alignment of C, D and E domains is available upon request.
Regions of the alignment that are equivocally aligned (as in most of the D domain which contains numerous gaps), as well as long insertions present in only one or two closely related sequences, were excluded from the analysis. From the initial alignment containing 947 sites, 933 are variables. On the 947 positions of the alignment, 642 contain gaps in at least one sequence. A total of 312 sites, of which 297 are variables and 288 are informative, remain in the final alignment with gaps. Complete exclusion of all positions containing gaps was also performed, and in this case only 206 informative sites remain. The final alignment was used for both distance matrix and parsimony analysis. Incomplete sequences such as KNIRPS group members DAX-1, SHP, Trithorax and ODR-7 were treated separately.
Phylogenetic reconstruction procedures
Distance matrices were calculated using a bollean matrix: every change including gaps is considered as 1, and identical amino acids are considered as 0. The Kimura correction for multiple substitution in amino acid sequences was also used with identical results (Swofford & Olsen 1990 ) (not shown). I also performed analyses using various kinds of matrices taking into account the charge and/or polarity of the amino acid, which affects the solidity of the branches but not the topology of the trees (not shown). Tree reconstruction was performed using the NeighbourJoining program available on MUST together with bootstrap analysis using 1000 replicates (Felsenstein 1985 , Philippe 1993 ). This analysis was performed Evolution of nuclear receptors ·   209 on several data sets: (i) the complete data set of 175 sequences; (ii) three non-overlapping selections of 30 receptors which are representatives of the major nuclear receptor groups; (iii) each group of receptors using all the available sequences for this group. Bootstrapping was not performed on the complete data set because of computer limitations; (iv) 63 locis of NRs (Fig. 2) .
Parsimony analysis was performed using the 3·1 version of the PAUP software (Swofford 1991) The complete data set cannot be used in this analysis because of the large number of sequences. Thus only the three independent data sets of 30 sequences were used. On each parsimony analysis data set, 100 bootstrap replicates were performed.
All analyses were performed on a Macintosh Power PC computer 6100/66 except for bootstrap replicates on parsimony analysis, which were performed on a Macintosh Quadra 650.
Determination of evolutionary rates
To avoid saturation artefacts generated by the use of widely divergent species evolving at different rates, I chose a data set containing sequences of a given receptor known in human, rat, mouse, chicken and Xenopus. Only 40 receptors fulfil these criteria (Fig. 4 and data not shown) .
The data matrices comparing the different homologous versions of each of these genes were constructed as above for all the sequences, or for the C or the E domains alone using the MEGA program (Kumar et al. 1993) . Crude data were transformed into evolutionary speed and expressed as the number of mutations per site and per year using the following divergence times: Mus-Rattus, 13 million/years; Homo-Mus and Homo-Rattus, 70 million/years; mammals-gallus, 300 million/ years; mammals-Xenopus and gallus-Xenopus, 360 million/years. Data were transformed into Pauling units (1 PAU=10 9 mutations/site per year). A complete table of the evolutionary speeds for C and E, C or E domains is available upon request.
Evolutionary speeds for various receptors were then averaged and expressed with error bars for all the sequences (Fig. 4) , the C domain or the E domain (not shown).
RESULTS
A NR database
In order to build a complete database containing all known full-length sequences of NRs, I performed several searches in gene databases using the FASTA program. I compiled a list of all the entries on NRs in Genbank. This list of 483 entries was completed up to March 1996 and contains 175 different sequences, listed in Gronemeyer & Laudet (1995) . These sequences correspond to 63 different genes in vertebrates, arthropods and nematodes. An additional screening using a search program for sequences identical with a given signature was performed (see Materials and Methods) and gives an identical result.
The 175 sequences were aligned using the MUST package (Philippe 1993) . I have excluded the A/B domain which is not conserved even between related members such as steroid receptors. The complete alignment of the C, D and E domains is 960 amino acids long and contains numerous gaps. This large number of gaps is due to several factors: (i) the highly heterogeneous length of the D domain which, in the alignment, represents up to 485 amino acids and which is mainly due to the large size of the D domain in some receptors such as the Rev-erbs, ROR/RZR, DHR96 and FTZ-F1; (ii) the insertion of amino acids specifically in some receptors. This is the case for example for the ODR-7 orphan receptor and for the TLL group in the DNA-binding domain. The E domain alignment also contains a number of these specific insertions: the arthropod USP receptors, TR in the flat fish Paralichthys and the TR2 and TR4 orphan receptors.
The alignment of the C domain was unambiguous as was most of the alignment of the E domain. Nevertheless, some regions of the latter were more difficult to align. The final alignment is supported by the recent three-dimensional structural determination of the ligand-binding domains of RXR , RAR and TR (Bourguet et al. 1995 , Renaud et al. 1995 , Wagner et al. 1995 , Wurtz et al. 1996 . These data have highlighted the strong correlation between my alignment and the positions of the various helices determined by the three-dimensional structure. Furthermore, in most cases the positions of the introns inside the E domain fit very well with my alignment since the well-conserved introns are perfectly aligned (J M Wurtz and V Laudet, unpublished observations). Since most of the D domains of divergent receptors exhibit very few sequence identities, I removed these non-conserved regions from the analysis. Furthermore, to avoid artefacts generated by some ambiguous regions of the alignment, I treated, in addition to the complete data set, an alignment in which all the positions with gaps (i.e. the positions that are prone to misalignment) were removed.
The most obvious observations that can be made on the alignment are briefly listed below. (i) In the DNA-binding domain, all the eight cysteines that interact with the zinc atoms in the two zinc fingers are strictly conserved in all family members. A few other residues in this region are also strictly conserved. It is noteworthy that three of them (FFXR) are located between the two zinc fingers in the vicinity of the P box which determines target sequence specificity. (ii) The P box sequence CEGCKG is found in the majority (64%) of the receptors irrespective of their ability to bind a ligand (Gronemeyer & Laudet 1995) . It is interesting to note that the presence of this particular P box sequence correlates with the ability to dimerize with RXRs and therefore is found also in RXRs themselves. (iii) No strictly conserved amino acids can be found outside the C domain. (iv) The T and A boxes harbour a significant degree of sequence identity and were thus used in the reconstruction of the tree. This moderately conserved region ends at the sequence KDRNENE of RXR . (v) The most conserved regions of the E domain are the Ti region (about 25 amino acids centred on the sequence FAKK or WAKA in TR/RAR and steroid hormone receptors respectively) which corresponds to helix 5 in the three-dimensional structure of RXR , and the AF2-AD region (helix 11 of RXR ) (Bourguet et al. 1995) . This AF2-AD region is not present in the Rev-erb orphan receptors which act as constitutive repressors (Adelmant et al. 1996 .
Six subfamilies of NRs
To study the evolutionary relationships between the NRs, I performed phylogenetic analysis using both distance matrix and parsimony analysis, each in conjunction with the bootstrap resampling procedure (Swofford & Olsen 1990) . It was impossible to treat adequately such a large file as the 175 sequences of the database. I thus performed a distance analysis of the whole data set, without bootstrapping (not shown). With this result in mind, I selected three independent sets of 30 receptors representing the major clusters observed in the complete distance analysis. These selections were then treated with NJBOOT and PAUP-BOOT. Two different data sets were used in each case: one including some gaps that are present in the C and E domains and one in which all gaps were removed. These two data sets (both excluding most of the D domain) contained 288 and 206 informative sites respectively and gave similar results (data not shown). The total bootstrap values of the distance trees obtained using a data set with gaps (2250 100) or without gaps (2255 100) is not significantly different. Nevertheless, in the data set without gaps the bootstrap values of some of the internal nodes of the tree decreased, suggesting that these gaps carry phylogenetic information. In all subsequent analyses, only data sets with gaps were treated.
The topology of the three distance trees is shown in Fig. 1A -C. By locating the last internal branch with bootstrap values above 900 in these trees, we can define six subfamilies of receptors, among which three are described for the first time by this study. These six subfamilies are: (i) a large one comprising the TR, RAR, RZR, PPAR, Rev-erb, VDR, FXR and EcR groups of receptors; (ii) a second subfamily containing RXR, COUP, HNF4, EAR2, TR2, TR4 and TLL; (iii) a third clustering steroid receptors with ER and ERR, and three small and new subfamilies; (iv) the NGFIB group of orphan receptors; (v) SF1, FTZ-F1 and DHR39; and (vi) the single GCNF1 orphan receptor. It should be emphasized that this grouping is consistent with our previous analysis as well as with other phylogenetic studies of NRs (Amero et al. 1992 , Laudet et al. 1992 , Detera-Wadleigh & Fanning 1994 . The subfamilies are well defined in the three data sets. The only values below 90% that are observed in a node defining a subfamily concerns subfamily II in the second data set (86%) and subfamily III in the third data set (87%). Between the six subfamilies it is very difficult to assess a particular branching order since all the topologies appear to be equally favoured. Nevertheless, in all cases, subfamilies I and IV appear to be clustered together, although this is with low bootstrap values (58, 70 and 61% for the three data sets). No other clear grouping appears consistently between the other subfamilies. Their relationships should therefore be considered to be unresolved.
The parsimony analysis gave very similar results, with the same grouping into six subfamilies ( Fig. 1D-F) . The trees obtained have a consistency index ranging from 0·609 to 0·623. The data sets contain a clear phylogenetic signal, since after independent choices of 1000 random trees I found g1 statistics values of 0·721 0·077 which are clearly significant according to Hillis & Huelsenbeck (1992) . In many cases several equally parsimonious trees were obtained that differed only in the topologies within subfamilies (data not shown). Again I found that the total exclusion of gaps from the analysis affected only some of the internal branches of the tree. Nevertheless, and this was not unexpected, I observed a global reduction of the bootstrap values when compared with distance analysis. Parsimony analysis is nevertheless useful since it gives congruent topologies when sequences evolving at different rates are used (Swofford & Olsen 1990) . Since this is the case for NRs (see below), I believe that the identical topologies obtained with parsimony and distance analysis is an important confirmation of my trees. Of note, some subfamilies are more sensitive than others to the decrease in the bootstrap value. This is the case for subfamily III (steroid receptors, ER and ERR) which is only supported by 48-74% of the bootstrap replications in the parsimony trees. This is to a lesser extent also the case for subfamily II (RXR, COUP-TF etc.) in data set II (Fig. 1E) . Nevertheless taken together, the results show that the grouping of the receptors into six subfamilies is confirmed in the vast majority of the parsimony trees. Figure 2 gives an example of a distance tree obtained with sequences of the 61 different loci of NRs in vertebrates and arthropods, as well as a consensus tree obtained from the distance and parsimony analysis in which branches supported by values below 90% in Fig. 2A are considered to be unresolved. This allows analysis of the relationship between the various groups of receptors.
Two waves of NR gene duplications
Within subfamily I, I repeatedly observed three ensembles of receptors which are in most cases supported by bootstrap values below 90% ( Fig. 2A) . These three ensembles are: TR and RAR (92% bootstrap), EcR, FXR, VDR, MB67 (60%) and PPAR, RZR, Rev-erb (75%). The position of Onchocerca NR1 inside subfamily I remains unresolved. These groupings are consistent with the known functional data available for these receptors. For example, it is known that Rev-erb and RZR orphan receptors bind as monomers and dimers to the same response elements (see Laudet & Adelmant (1995) for a review). It is also known that TR and RAR share many functional characteristics, especially at the level of dimerization and DNA-binding activity (Gronemeyer & Laudet 1995) . Interestingly, the ligand-binding ability of a given receptor as well as the identity of its ligand is not related to its position on the tree. This suggests an independence of the ligand-binding ability of the receptors from their evolutionary origin. The important implications of this observation will be further discussed (see the Discussion). Nevertheless, since these three ensembles are sometimes weakly supported, their validity remains questionable. For example, although related to Rev-erb or RZRs, Drosophila E78 and Caenorhabditis CNR14 cannot be considered as clear homologues of the former receptors, nor are they described as such between themselves. Actually, the location of nematode sequences in our tree constantly appears to be questionable (see the Discussion and Philippe et al. 1994) . On the consensus tree (Fig. 2B) , I thus obtained a comb-shaped topology for subfamily I. I observed the independent emergence of 11 groups of receptors: TR/RAR, PPAR, Rev-erb, E75, RZR, E78, CNR14, EcR, VDR, DHR96 and NHR1. Within each group of receptors, the same pattern which includes a late vertebrate-specific diversification is often observed. This is clear for example for the three RZRs which have one homologue in Drosophila (HR3). In conclusion, the general picture that emerges from subfamily I evolution is the rapid appearance of receptor groups followed by a later diversification inside each group.
These two waves of duplication can also be observed in the other subfamilies. A notable exception is subfamily VI which to date contains only one gene (GCNF1) described in one species only. In all remaining cases, we can observe a split into the various groups of receptors followed by a diversification within each group. For instance, the Caenorhabditis and Drosophila homologues of NGFIB appear to be single-copy genes when compared with the three vertebrate paralogous genes NGFIB, NURR1 and NOR1. An unusual diversification pattern arises for the COUP group. We can observe the early split of Xenopus COUPG and Danio SVP46, then an arthropod gene (Drosophila SVP) and then the duplication that gave COUPA and COUPB (see Fig. 2A ). Thus the order of appearance of the three known vertebrate COUP genes does not respect the well-known phylogeny of arthropods and vertebrates. Alternatively, this could suggest the existence of a homologue of Xenopus  1. Unrooted phylogenetic trees of three independent sets of 30 representative nuclear receptors. A-C, Distance tree constructed by the Neighbour-Joining method (MUST); 1000 bootstrap replicates were performed on each set (expressed as percentages). The most internal branches with bootstrap values above 90% in the distance trees allow the definitions of the subfamilies. The bootstrap values of the branches defining the subfamilies are boxed. D-E, Parsimony tree constructed using the parsimony method (PAUP); 100 bootstrap replicates were performed. When several equally parsimonious trees were obtained, only a strict consensus topology is shown. The bootstrap values of the branches defining the subfamilies are boxed. The subfamilies are indicated by brackets. Subfamily VI is defined only with one sequence and its branch is boxed. The length of the branches is proportional to the divergence between sequences. COUPG and Danio SVP46 in arthropods. Whether this astonishing discrepancy is due to the low speed of COUP gene evolution (see below) remains to be studied. As for subfamily I, there is no robust clustering between subfamilies and groups and this argues for a rapid early diversification of the superfamily. Taken together these observations are in favour of the existence of two clearly separated waves of gene duplications during the evolution of the family: one very early duplication giving rise to the various groups of receptors and which took place before the arthropod/vertebrate split, and the other one later on, specific to vertebrates, giving rise to a diversification within each group, and thus to the paralogous versions of the various receptors (see the Discussion).
The position of the 'unusual' receptors
Seven nuclear orphan receptors do not exhibit the classical structure in five functional domains. These are the KNI group (Drosophila KNI, KNRL and EGON genes; Nauber et al. 1988 , Oro et al. 1988 , Rothe et al. 1989 , the Caenorhabditis ODR-7 gene (Sengupta et al. 1994) , the human DAX-1 and SHP-1 genes (Zanaria et al. 1994 , Seol et al. 1996 , Swain et al. 1996 and the Drosophila Trithorax gene (Stassen et al. 1995) .
The KNI group comprises receptors for which only the C domain can be clearly defined. Their C-terminal region appears to be unrelated to that of other receptors as well as being highly variable. The only conserved part in addition to the C domain is a short motif called the KNI box located a few amino acids C-terminal to the C domain. The location of the KNI group on a tree is problematic since we can only use the short and highly conserved C domain. On trees calculated with this domain, the KNI, KNRL and EGON genes appear to be clearly related (100% bootstrap; Fig. 3A ) and distantly related to VDRs (53% bootstrap). Nevertheless, as previously observed (Laudet et al. 1992) , the inclusion of KNI in a C domain tree induced a shift of the VDR group (with EcR and TR) to subfamily III. This may suggest that VDRs are evolutionary chimeras as I previously proposed. Alternatively, the low amount of phylogenetic information in the C domain may be responsible for an inacurrate location of the KNI genes in the tree.
The Caenorhabditis ODR-7 receptor appears to be truncated since it contains only a C domain located in the C-terminal moiety of the molecule. In phylogenetic trees based on the C domain, this receptor appears to belong to subfamily II with very low robustness values (15%). It appears to be in the vicinity of the TLL group (Fig. 3B) as does the Drosophila trithorax gene (TRX) which clusters with ODR-7 (38%). TRX is probably the most unusual member of the superfamily (Stassen et al. 1995) appearing as a mosaic of exons coding several domains of unrelated origin. One of these regions appears to be a divergent C domain containing three stretches of additional residues. Divergent P and D box sequences are clearly recognizable. The unusual features of TRX may be due to the fact that its C domain was recruited in a new context. This may have led to a change of function of this domain and thus to a higher evolutionary drift. Nevertheless, since TRX and ODR-7 are linked with very long branches, their grouping may be due to the classical artefactual phenomenon of long-branch attraction (Swofford & Olsen 1990) .
The structures of DAX-1 and SHP-1 are the reverse of that of ODR-7 since they only display a conserved E domain located C-terminal to a series of amino acid repeats responsible (at least for DAX-1) for the DNA-binding activity. On an E domain tree, DAX-1 and SHP-1 appear to be highly related (100% bootstrap). Thus it is probable that DAX-1 and SHP-1 are paralogous genes like TRA and TRB and that we should find a unique homologue of these genes in Drosophila. The DAX-1 group is located inside subfamily II, in the vicinity of TLL (Fig. 3C, 73%) . The apparent proximity of DAX-1 and ODR-7 on the E and C domain trees may suggest the provocative idea that these two receptors are the products (in different species) of a unique event which cuts an ancestral classical receptor into two parts. If this hypothesis is correct, we should find a DAX-1 homologue in Caenorhabditis and an ODR-7 homologue in humans. Both the DAX-1 group and ODR-7 seem to have appeared before the arthropod/vertebrate split.
Interestingly, from their positions in the tree (inside well-defined subfamilies) all these unusual receptors cannot be viewed as ancestral. Rather, they were probably created by secondary events, and, despite their abnormal structure, conserved during evolution.
Evolutionary rates
I next decided to study the evolutionary rates of the various receptors. To this end, from the complete data set I selected homologous versions of a given receptor in human, mouse, rat, chicken and Xenopus. I then computed the number of amino acid differences between the various homologous receptors. This number was transformed into an evolutionary rate (number of mutations per site and per year, see Materials and Methods). I studied the speed of evolution of the C and E domains together (Fig. 4) and separately (not shown).
The average rate of mutation for C and E domains is 0·303 PAU, which corresponds to the accumulation of 1% divergence in 16·5 million years. There are no statistically significant differences in evolutionary speed between the six subfamilies. This value is comparable with that obtained with other types of protein. For example, triose phosphate isomerase evolved at 0·26 PAU and hormones like glucagon evolved at 0·12 PAU, whereas insulin evolved much more rapidly at 2·6 PAU (Wilson et al. 1977) .
In most cases, receptors belonging to the same group exhibit a grossly similar evolutionary speed. Exceptions are for example NGFIB and NURR1; NGFIB evolved rapidly (0·653 0·178 PAU) and  3. Position of the 'unusual' NR sequences. The trees were obtained by the Neighbour-Joining method, using 1000 bootstrap replicates (expressed as percentages). A selection of 30 representative receptors was used for each tree but only the direct neighbours of the sequence studied are depicted. I verified that the sampling has no major impact on the topologies of the trees. A, Position of the KNI group sequences (arrows). Only the sequences of the C domains were used. B, Position of the ODR-7 and TRX sequences (arrows). Only the sequences of the C domains were used. C, Position of the DAX-1 group sequences (arrows). Only the sequences of the E domains were used.
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NURR1 6-fold more slowly (0·113 0·0113 PAU). In contrast, the evolutionary rate strongly differs between the various groups of receptors. As an example, the members of the COUP-TF group evolved particularly slowly (0·0073 0·007 PAU and 0·078 0·0066 PAU for COUP-TFA and B respectively). In all the cases of slowly evolving receptors (TLL, RARA, RARB, RXRA; value below 0·1 PAU) both the E and C domains exhibit this slow speed (Fig. 4 and data not shown) . In contrast, members of the PPAR group, RZRG, VDR, NGFIB, EAR2, TR4, ERR1 and GR, evolved rapidly (values above 0·4 PAU). Interestingly, when the C and E domains are studied separately, it appears that for VDR and GR the elevated rate of evolution is visible only for the E domain and not for the C domain (not shown). This acceleration of evolutionary speed specific to the E domain suggests that it could be related to one of the functions exerted specifically by this domain (see the Discussion). Some receptors such as UR, RLD1 and FXR which all belong to the same group show a curiously higher speed for the C domain than for the E domain.
The E domains of DAX-1 and SHP are those that evolved most rapidly (3·95 0·43 and 2·5 0·38 PAU respectively). This has already been noticed by other authors (Seol et al. 1996 , Swain et al. 1996 and appears logical since these receptors with unusual structures should have lost most of the selective pressure exerted normally on this domain.
DISCUSSION
New receptors and old orphans
The phylogenetic trees derived in this study demonstrate that the NR superfamily can be split into six subfamilies of unequal size. This model is supported by results obtained by both distance matrix and parsimony analysis performed using the bootstrap test on three independent data sets of 30 representative receptors. It is tempting to place the root of the tree somewhere between these six subfamilies, although a more precise position cannot be inferred from my analysis.
Most subfamilies appear to be ancient since they contain receptors in arthropods and vertebrates. Subfamily VI has recently been described, and the lack of a Drosophila gene is probably only a sampling artefact. The case of subfamily III (steroid receptors) is more puzzling, since there are no known homologues of steroid receptors in Drosophila. This could suggest that subfamily III is specific to deuterostomians and is thus a rather young one formed after the arthropod/vertebrate split. If so, a high sequence divergency should have scrambled the relationship between members of subfamily III and their precursors.
Receptors with known ligands are scattered in three of the six subfamilies (I, II and III), while orphan receptors are present in all of them. Thus the orphan nature of a receptor can be considered as a plesiomorphy. In contrast, liganded receptors appear to be derived. This observation highlighted for members of subfamily III (see above) applies to other classical receptors such as TRs, RARs, PPARs and VDRs. RXR is the only real receptor in vertebrates that has an arthropod homologue (USP). The latter being unable to bind 9-cisretinoic acid (Mangelsdorf et al. 1995b) , it is unclear whether vertebrates gained the ability to bind 9-cis-retinoic acid or whether arthropods lost it. Another possible exception to this observation is the group formed by the Drosophila ecdysone receptor, which clearly binds a ligand, and its vertebrate homologues of the FXR group (FXR, LXR and UR), which probably also do so, although the precise identity of their ligand remains elusive ( Fig.  2B ; Forman et al. 1995a , Janowski et al. 1996 .
Orphan receptors can be viewed as being either really independent of any ligand or in search of their cognate modulator. In the latter respect, the fact that orphan receptors are present in all families could suggest that the ancestral receptors were bona fide ones, whose ligand-binding specificity evolved to produce the modern receptors. The fact that we find ligands only for highly derived modern receptors could be related to the nature of the ligand or to the strength of its interaction with the receptors which would have been reinforced in the derived modern receptors. This scenario could also be consistent with the ligand acting in an intracrine fashion. In this model, ligands of orphan receptors will be common metabolites extremely difficult to identify. However, this model assumes co-evolution of the ligand and the receptor. Since the ligand is not a protein molecule (i.e. not prone to subtle evolutionary changes) (Moyle et al. 1994) , it is difficult to imagine how a receptor with a given ligand may have acquired the capacity to bind a different one. For example, if the non-duplicated TR/RAR ancestor has a ligand, how can we explain a change of specificity after duplication to bind molecules as different as tri-iodothyronine and retinoic acid? The independent acquisition of the ability to bind a ligand appears to be easier to explain. Examples of ligand-binding acquisition in other protein families are known. This is the case of the dioxin receptor, a transcription factor of the bHLH gene family (Burbach et al. (1992) and references therein). Independent acquisition of binding of identical molecules by structurally related receptors has also been demonstrated for the G-protein-coupled receptors (reviewed in Vernier et al. 1995) . For example, the two adrenergic and receptor types are not directly evolutionarily related but bind to the same ligand, namely adrenaline, and two acquisitions of ligand binding are necessary to explain this phenomenon.
If orphan receptors are really independent of any ligand, my observation suggests that the first receptors were constitutive transcription factors that evolved to independently acquire the ability to bind a ligand. Recently, it has been proposed that a NR does not exist as a static off and on structure but that ligand alters the conformational equilibrium between the inactive and active states (see Wurtz et al. (1996) and references therein and Schulman et al. (1996) ). It can be speculated that phosphorylation (or some other post-translational event) might have mimicked this conformational switch in ancestral orphan receptors. Such a mode of regulation has indeed been shown to occur both in true receptors, such as PPAR, VDR and RXR (Power et al. 1991a , Matkovits & Christakos 1995 , Schulman et al. 1996 , and in orphan ones, such as COUP-TF (Power et al. 1991b) . Ligand binding would have been added as a very efficient way to lock the receptor into an active state. It is also possible that the first members of the superfamily were transcriptional repressors rather than activators. A repressive function could have been developed easily by loss or blocking of transactivation, even without evolution of specific corepressors, whereas it is difficult to imagine an activation system being set up without the complex co-activator network.
In contrast with a previous claim suggesting that it could be possible to predict a ligand from the position in the tree of a given orphan (DeteraWadleigh & Fanning 1994), I found no relation between the structural type of a ligand and the position of a receptor in the tree. For example, RARs and TRs are clearly related in the trees whereas their ligands are completely different. Conversely, vitamin D and steroids are structurally similar but their receptors belong to different subfamilies. The same is true for RARs and RXRs which both bind retinoids. This supports the model of independent acquisition of the ability to bind a ligand.
This model may have important implications for the search for possible new ligands for this fascinating family. The isolation and characterization of receptors from early metazoans which could be a way to test the validity of this model is underway in our laboratory.
An ancestral homodimer?
I observed a correlation between the position of a given receptor in the tree and its ability to bind to the target sequence as monomer, homodimer or heterodimer (Fig. 2B) . For instance, members of subfamily III mainly bind to DNA as homodimers on palindromic elements. The only exception to this is ERR1 which binds to the TCAAGGTCA motif as a monomer (E Bonnelye, J M Vanacker and V Laudet, unpublished observations; Wiley et al. 1993 , Yang et al. 1996 . All the clear cases of NRs that heterodimerize efficiently with RXR and therefore bind to direct repeat elements are members of the subfamilies I and IV. The only exception seems to be the COUP-TFs (subfamily II) whose interaction with RXR may be questioned as it was not confirmed by the two-hybrid system (Kliewer et al. 1992a ,b, Zelhof et al. 1995 , Butler & Parker 1995 . This suggests that this property is a derived character acquired in subfamilies I and IV. This is consistent with the observation that most of the partners of RXR (the classical receptors such as TR, RAR, VDR and PPAR) appear themselves to be late acquisitions during the evolution of the superfamily. Members of subfamily II are able to bind as homodimers on direct repeat elements including the RXRs, which in addition to their specific behaviour as heterodimerization partners can also homodimerize on a DR1 element (Zhang et al. 1992 , Chen et al. 1994a . GCNF1 binds as a homodimer on DR1 elements (Chen et al. 1994b) . Such a correspondence between the position in the phylogenetic tree and the type of interaction with DNA and partners is of practical use: for each new orphan identified it may suggest the response elements to be tested first.
Monomer binding to an extended half-site appears to be scattered in all or practically all the subfamilies. Monomer-binding receptors are known from subfamilies I (Rev-erb, ROR and, to a lesser extent, TR), III (ERR1), IV (NGFIB) and V (FTZ-F1), suggesting that this apparently very simple means of binding to DNA, which has been demonstrated for very different types of receptor, may be the ancestral one (Wilson et al. 1993) . Nevertheless, another interpretation is also possible that this mode of binding was acquired only recently (Laudet & Adelmant 1995) . Detailed mutagenesis experiments have revealed striking differences in the precise manner in which monomer-binding receptors interact with DNA.
For example, whereas the C-terminal part of the A/B domain of ROR regulates the interaction of the A box (located downstream of the DNA-binding domain) with DNA by intramolecular cross-talk, this is not the case for other receptors such as FTZ-F1 and NGFIB (Ueda et al. 1992 , Wilson et al. 1993 , Giguère et al. 1994 , 1995 . The location of the A box in ROR or Rev-erb is also different when compared with NGFIB or FTZ-F1 (Dumas et al. 1994 ). Indeed, it should be emphasized that most of the receptors, such as TR, have the latent ability to interact with DNA as monomers (Katz & Koenig 1993) . The contacts between the A box of receptors such as RXR and RAR and the region located 5 of their response element revealed by three-dimensional structural studies (Lee et al. 1993) are normally not firm enough to allow a single molecule to bind to DNA. This interaction is strengthened by increasing the number of basic amino acids in the C-terminal region of the DNA-binding domain in order to form a functional A box (Wilson et al. 1993 ). This may have been performed independently by several receptors during evolution and may have led to the different A boxes and 5 -extended regions of the response elements that we now observe. Thus, from a common structural basis, evolution has led to slightly different motifs which all achieve, by evolutionary convergence, the same resulting phenotype: the ability to interact stably with DNA as a monomer.
If this model is correct, heterodimerization with RXR and monomer-binding behaviour may be viewed as derived acquisitions during the evolution of the family. Thus homodimer binding to palindromic or direct repeat sites (a mode for which we also find examples scattered in all the subfamilies) may be viewed as the ancestral manner of interaction with DNA. The type of response element that was first used (palindrome or direct repeat) remains unclear but since direct repeats (and particularly DR1) are more common than palindromes, they can be viewed as the most ancestral HREs. It should be emphasized that such a mode of binding is not particularly complex and that many transcription factors of bacteria and unicellular organisms are able to bind to DNA as homodimers. Again, this model is experimentally testable by studying the DNA-binding abilities of NRs from early metazoans.
NRs, hox genes and the zootype
From the phylogenetic tree we cannot directly infer a time-scale from a given branch length since the latter is not proportional to time but to sequence divergence. Some indications eventually emerged through analysis of the splits between homologous receptors in different taxa (such as arthropods and vertebrates). Two periods of gene duplication can be observed that correlate with the two waves revealed by the analysis of the bootstrap values of the branches. The first (occurring very early, before the arthropod/vertebrate split), corresponds to the appearance of the six subfamilies and within these to the appearance of the various groups of receptors (RXR, EcR etc.). The second wave of duplications took place specifically in the vertebrate lineage (and therefore after the arthropod/vertebrate split) and corresponds to a diversification within each group of receptor, i.e. to the appearance of the paralogous versions of a given receptor (RARA, RARB and RARG or TRA, TRB) .
What then is the date of the appearance of the first NR? The number of receptors was already high at the arthropod/vertebrate split, and homologues in these two phyla are clustered by long and stable branches. This suggests that the appearance of the first receptor was extremely early. Interestingly, some members of the family have been cloned from the nematode Caenorhabditis elegans (Sengupta et al. 1994 , Kostrouch et al. 1995 . A divergent member of subfamily I was also described in Onchocerca volvulus (Goffeau et al. 1996) . Although the phylogenetic position of nematodes is still a matter of controversy, since they accumulate mutations very rapidly, they are assumed to have diverged from other metazoans during the so-called 'bigbang' of metazoan evolution (Philippe et al. (1994) and references therein). The evidence of receptors in nematodes points to the diversity of the family during this period of time. Of the four receptors now described in nematodes, two have clear homologues in arthropods and/or vertebrates: CNR8 is the homologue of NGFIB, NOR1 and NURR1 and CNR3 is the homologue of the ROR and HR3 orphans (Kostrouch et al. 1995) . In both cases the C domain (including the T and A boxes) is well conserved, whereas the E domain is strongly divergent when compared with the vertebrate or arthropod homologues. This suggests that, if these orphans have ligands, this molecule may have been recruited quite late during evolution. A third nematode receptor, CNR14, can tentatively be attributed to the Rev-erb/E75 group or to the Drosophila E78 group (Kostrouch et al. 1995) . The latest nematode receptor described to date is the unusual ODR-7 for which no homologue is known (Sengupta et al. 1994) . Other NR-related sequences are present in nematodes but were not included in this study since they correspond to sequenced genomic fragments for which the experimental localization of introns has not been performed (see Mangelsdorf et al. 1995a) . To date, three of the six subfamilies are represented in nematodes, indicating that the family was already diversified at the time of nematode divergence. This confirms the explosive nature of the diversification of the NR subfamilies observed in the trees.
By comparison with hox genes, another gene superfamily which has been extensively studied from an evolutionary point of view, it is tempting to suggest that the first NRs emerged when the first multicellular organisms evolved. Interestingly, vertebrate hox gene transcription is regulated by the retinoic acid receptors RAR and RXR. Although it is not known whether this regulation was established earlier in evolution, it is tempting to parallel the homoeotic genes that dictate cell identity in the developing embryo with NRs as important regulators of cell to cell communication; both features are critical for a primitive multicellular organism. The organization of my tree leads me to propose that, like hox genes, NRs may be viewed as being specific to metazoans. Indeed, all the searches for NRs outside metazoans have been, to date, unsuccessful, and no clear sequence signature of NRs has been described in unicellular organisms including the yeast Saccharomyces cerevisiae (H Escriva, J G Catford and V L, unpublished observations; Yates et al. 1995) . Thus the molecular synapomorphy of a metazoan, the existence of a hox gene complex (Slack et al. 1993 ) may, in the near future, be extended to the existence of a given set of gene families that could eventually form a regulatory network critical for embryonic development (Degnan et al. 1993 , Laudet et al. 1993 , Shenk & Steele 1993 . This network may have played a direct role in the emergence and diversification of metazoans.
Diversification of the NR superfamily and genetic redundancy
The second period of gene duplication corresponds to the diversification inside each group of receptors to give rise to paralogous versions apparently able to perform identical functions. In the evolutionary tree, these receptors are clustered together to form groups of paralogous members. The composition of these groups is very stable on the tree, with the arthropod/vertebrate split coming first, followed by the duplication of the gene. In this context the four steroid receptors (GR, PR, MR, AR) may be viewed as paralogous genes. For all the known cases in NRs, as in other gene families, it is highly probable that the diversification inside each group of receptors took place after the arthropod/vertebrate split specifically in the vertebrate lineage. This is confirmed by the identification of only one COUP gene in echinoderms (an early split on the lineage leading to vertebrates) and several genes (at least three) in vertebrates (Vlahou et al. 1996) .
These vertebrate-specific duplications giving rise to highly related paralogous genes have been observed for many other gene families such as the homoeotic hox gene complex, the ETS transcription factors or the Wnt growth factors (Sidow 1992 , Laudet et al. 1993 , Holland & Garcia-Fernandez 1996 , Sharman & Holland 1996 , Shimeld 1996 . Indeed Ohno (1970) has suggested that a global duplication of the genome took place in an ancestor common to all the vertebrates (perhaps a prochordate). The subsequent diversification may be viewed as one of the very important events during the early evolution of vertebrates as it may explain the numerous developmental and morphological features that are specific to them. Two newly duplicated genes can accumulate mutations at different speeds and thus may acquire new functions. The major differences between two newly duplicated paralogues that can be hypothesized are at the level of the expression pattern and at the level of the function of the proteins (Holland & Garcia-Fernandez 1996 , Sharman & Holland 1996 .
The duplication of genes giving rise to closely related paralogues possessing overlapping functions and/or expression patterns may explain the genetic redundancy that is commonly observed when individual genes are disrupted in the mouse (reviewed in Kastner et al. 1995) . However, natural selection would not conserve the duplication of an ancestral prochordate genome in case of accidental disruption of a gene. Since NRs are regulators that interact with other factors, the doubling of possible targets increases by several orders of magnitude the possible interactions and thus the various regulation networks available (Holland & Garcia-Fernandez 1996 , Sharman & Holland 1996 . Therefore increasing the number of genes (even if their functions are not modified) gives rise to a refined tuning of the regulation of the hormonal response.
Evolutionary rates and functional constraints
There appears to be no clear difference between orphan and true receptors in terms of evolutionary rate. Some receptors evolved rapidly (NGFIB and PPAR) whereas others are strongly conserved (COUP-TF and RAR). There is no a priori reason to believe that an orphan will be more divergent than a liganded receptor since the basic architecture of the ligand-binding domain, the dimerization interfaces, the surfaces of interactions with cofactors and the mechanisms of conformational changes must be active in the same way on an orphan as on a classical receptor (Wurtz et al. 1996) .
My study of the rate of accumulation of mutations of the receptors can be considered in the context of the vertebrate-specific gene duplication. Whereas the order of magnitude of the rate is similar, there are subtle differences for the paralogous copies. Thus, in addition to a change in the expression pattern of paralogous genes, a duplication may have effects on the evolutionary speed of the resulting copies. It is tempting to propose that such different speeds may have effects on the function of the protein. After duplication, one copy may became unable to interact with a given cofactor whereas the other is still able to do so. In addition, one copy may recognize a different ligand from the others. For instance, the various paralogous RARs exhibit differences in the recognition of various synthetic retinoids (Ostrowski et al. 1995) . This suggests that their ligand-binding pockets are different and that in vivo they would be able to respond differently to a ligand.
The differences in the rates of accumulating mutations are much more important when different groups of receptors are compared. Interestingly, in some cases this acceleration of the evolutionary rate is specific to a functional domain such as the E domain. This is for example the case for PPAR. It is notable that the paralogous copies of these receptors appear to recognize different ligands. PPARG was shown to be a receptor for prostaglandin J 2 whereas PPARB and PPARA are unable to transactivate a target gene efficiently in response to this compound (Forman et al. 1995b , Kliewer et al. 1995 , Devchand et al. 1996 . Similarly fatty acids are not able to activate identically the three types of PPAR. It is noteworthy that ligands of the PPAR are derived from food. We can speculate that there may be differences among species in the range of ligands synthesized since all animals do not eat identical food. Thus it may be possible to observe differences in ligand specificity for the same receptor across different species. It has been demonstrated that striking differences in affinity exist between various ligands with respect to their binding to Xenopus, mouse and human PPARA (W Wahli, personal communication). The acceleration of evolutionary rate observed in the E domain of PPARG could be linked to such a phenomenon. We can speculate that the receptor will be adapted, by mutations, to each slightly different range of ligands in different species. Whether the same situation holds for steroid receptors is not known, but it is clear that different molecules are the high-affinity natural steroids in humans, rodents and teleost fishes (Kime 1993 , Borg 1994 . Such an adaptation will not only involve the few amino acids that are in direct contact with the ligand but also those required for the induction of the conformational change in the receptor in response to the ligand, the entry of the ligand into the binding pocket, etc. Experiments are in progress to find out what type of amino acid substitutions take place between homologous versions of the same receptor, and where they are located in the three-dimensional structure.
NRs represent an excellent model to study the interplay between the evolution of molecules and the evolution of organisms. Indeed, our ability to study the phenotype of these molecules (i.e. their ligand-binding or DNA-binding abilities, their transactivation potential, etc.) as well as their important role in many developmental processes offer clues that will enable us to delineate their intimate role in the evolutionary process itself. The construction and analysis of phylogenetic trees represents the first step in this pathway by suggesting directions to explore and hypotheses that can be experimentally tested.
